This paper highlights the role of advanced structural analysis tools on the conception of high-performance earthquake-resistant structural systems. A new steel frame equipped with self-centering devices and viscoelastic dampers is described. A prototype building using this frame is designed and a detailed nonlinear analytical model for seismic analysis is developed. Seismic analyses results show the effectiveness of the proposed frame to enhance structural and non-structural performance by significantly reducing residual drifts and inelastic deformations, and by reducing drifts, total floor accelerations and total floor velocities. These results are the basis for further studies aiming to develop design methods and criteria for the proposed high-performance frame.
Introduction
Conventional structural seismic-resistant systems, such as steel moment resisting frames (MRFs) [1] or concentric braced frames (CBFs) [2] , are currently designed [3, 4] to experience significant inelastic deformations and form a global plastic mechanism under moderate-to-strong earthquakes. Such a design philosophy [3, 4] , which results in inelastic deformations, has several advantages including economy and reduced forces developed in structural members and foundation due to inelastic softening. However, inelastic deformations result in damage, residual drifts and economical losses such as repair costs, costly downtime whilst the building is repaired and cannot be used or occupied, and, perhaps, building demolition due to the complications associated with repairing and straightening large residual drifts [5] .
Modern resilient societies demand structural systems able to achieve high performance, i.e., no damage under small and moderate earthquakes, and, little damage which can be repaired without loss of building operation under strong earthquakes [6] .
Performance-based seismic design is expected to focus on modern energy dissipation systems such as passive dampers and self-centering (SC) devices [6, 7] . If carefully designed, these systems will slightly increase the initial building design cost and significantly reduce the great life-cycle cost related to earthquake damage [6] .
Viscoelastic (VE) dampers provide supplemental stiffness and damping and when combined with flexible MRFs so that they would carry a large fraction of the lateral dynamic forces, they are becoming very effective in reducing peak structural response [8] . Dampers made of high-damping elastomer have been tested and found to exhibit a modest energy dissipation capacity but less sensitivity to frequency and temperature compared to conventional VE dampers [9] . It has been though found impossible to design elastomeric dampers and steel MRFs at practical sizes and cost for the building to remain elastic under strong earthquakes [10] . Both VE and elastomeric dampers transfer high forces on beams and columns of the MRF. These forces cannot be used directly in conventional capacity design rules since they are out of phase with the peak structural displacements. Recent studies by Karavasilis et al. [11] [12] [13] [14] designed and tested steel MRFs with compressed elastomer dampers providing VE damping under small-tomoderate amplitudes of deformation, friction-based damping under high amplitudes of deformation and a limit on the peak damper force. However, friction behavior results in permanent damper deformation and residual drifts in the structure following strong earthquakes.
Research efforts [15] [16] [17] developed new earthquake-resistant systems called selfcentering (SC) systems with the potential to eliminate residual drifts and inelastic deformations under strong earthquakes. SC systems exhibit a softening flag-shaped forcedrift behavior due to: (1) separations developed in structural interfaces (e.g., beam-tocolumn connections); (2) elastic pretensioning elements (e.g., high strength steel tendons); and (3) energy dissipation elements (EDs: friction-based, yielding or viscous) which are activated when separation in structural interfaces initiates. A recent work [18] proposed SC systems with a visco-plastic ED (similar to the damper tested and modeled in [11] [12] [13] [14] ) as a better alternative to SC systems with yielding or friction-based EDs.
Shape memory alloys (SMA) materials also exhibit stable flag-shaped hysteresis and have been used to develop SC devices [19, 20] . SC systems avoid structural damage since they eliminate inelastic deformations and residual drifts. However, they exhibit drift and acceleration demands comparable to those of conventional bilinear yielding systems of the same period and strength [21] and therefore, provide conventional performance in terms of non-structural damage. This paper highlights the role of advanced structural analysis tools on the conception of high-performance earthquake-resistant structural systems. The concept of a new high-performance steel MRF equipped with self-centering viscoelastic damping devices (SCVDs) is described. SCVDs result from a novel and strategic in series combination of VE dampers and SC devices. A prototype building using the proposed MRF is designed and a nonlinear analytical model for seismic analysis is developed.
Extensive seismic analyses results show the effectiveness of the proposed MRF to enhance structural and non-structural performance by significantly reducing residual drifts and inelastic deformations, and by reducing drifts, total floor accelerations and total floor velocities. These results are the basis for further studies aiming to develop design methods and criteria for the proposed high-performance MRF.
Concept and design of self-centering viscous damping devices (SCVD)
The SCVD results from a novel and strategic in series combination of a VE damper with a SC device. Fig. 1 .a shows a simple mechanical analog of the SCVD where a generalized Maxwell (GM) model, representing a VE damper, is connected in series with a SC device consisting of a pretensioning elastic tendon and a friction-based ED. The design parameters of the SCVD are the initial pretension force in the tendon, F t , the stiffness of the tendon, k t , the force required to activate the friction-based ED, F ED , and the properties of the VE damper, namely, the storage stiffness, k d , and the loss factor, η.
Both k d and η can be easily obtained from displacement-controlled sinusoidal tests, i.e., k d can be calculated as the ratio of the force at maximum displacement to the maximum displacement, while the loss factor is determined as follows:
where ED is the energy dissipated per cycle of sinusoidal loading and ES is the maximum strain energy stored during a cycle of sinusoidal loading. ED can be determined by integrating the hysteresis loops and ES can be calculated from k d and maximum displacement. offers hysteretic (friction-based) damping. Upon unloading, the SCVD exhibits VE behavior until the ED will be activated again and eventually returns back to the initial position due to the re-centering force of the tendon. An optimum design of the SCVD device includes a force F t equal to F ED in order to maintain full re-centering capability and maximum hysteretic energy dissipation capacity, as well as a high value of η in order to amplify VE damping. SCVD strategically combines the advantages of the compressed elastomer damper designed and tested in [11] [12] [13] [14] with the advantages of SC systems and offers: (1) VE damping under small-to-moderate amplitudes of deformation; (2) hysteretic damping at large amplitudes of deformation; (3) limit on the peak device force;
and (4) full re-centering capability. In addition, the peak force of the SCVD can be directly used in conventional seismic design capacity rules since it is velocity independent.
The SC device of the SCVD can be realized in different configurations. Fig. 2 .a shows a possible implementation similar to that in [17] using: (1) two steel elements of the same length but with sections of different size so that the member with the smaller section can be inserted into the member with the larger section (the exterior element has an inverted U-shape, while the interior element has a hollow rectangular section); (2) end plates that are attached but not connected to the steel elements; and (3) pretensioning tendons anchored on the end plates so they can hold the plates and the steel members in place. Energy dissipation is provided with friction at the upper contact interface of the steel elements due to a normal force applied by tightening bolts. The relative displacement at the contact interface is enabled with a slot cut on the interior steel element.
Alternatively, Fig. 2 .b shows another possible implementation [19] using two steel elements and two sets of SMA wires anchored in such a way so that relative displacement between the steel elements will produce tension in one of the two sets of SMA wires. A slot cut on the bottom steel element permits the relative displacement between the two steel elements while additional energy dissipation is provided with friction at the interface. The yield stress of structural steel is assumed to be equal to 275 MPa. The dead and live gravity loads considered in the design are selected according to Eurocode 1 [22] .
High-performance steel MRF with SCVDs

Prototype building
The design seismic action, referred to herein as design basis earthquake (DBE), has a return period equal to 475 years and is expressed by the Type 1 elastic response spectrum of the Eurocode 8 (EC8) [3] with a peak ground acceleration equal to 0.3g and ground type B (average shear wave velocity between 360 and 800 m/s.). The program SAP2000
[23] is utilized for designing the steel MRFs according to Eurocode 3 [24] and EC8 [3] .
The 2D SAP2000 model used for design is based on the centerline dimensions of 
Design of conventional steel MRF
The perimeter MRF of the building is designed as a conventional MRF using the modal response spectrum analysis procedure of EC8. The MRF satisfies Ductility Class High [3] by using compact Class 1 cross-sections [24] and hence, the behavior (or "strength reduction") factor is equal to q=5•α u / α 1 =6.5, where α u /α 1 is the overstrength factor with a recommended value of 1.3 for multi-bay multi-story steel MRF. The displacement behavior (or "displacement amplification") factor is equal to q, i.e., EC8 adopts the equal-displacement rule to estimate peak inelastic drifts. These drifts are then used to check second order (P-Δ) effects. Additionally, EC8 imposes a serviceability limit on the peak story drift, θ max , under the frequently occurred earthquake (FOE) with a return period equal to 95 years. The FOE has intensity equal to 40% (reduction factor v=0.4 [3] ) of the intensity of the DBE and the associated θ max is equal to 0.75% assuming ductile non-structural components. The MRF satisfies the strong column-weak beam capacity design rule of EC8 [3] , the beam-to-column connections are designed to be fully rigid, and the panel zones are strengthened with doubler plates to avoid yielding [3] . A strength-based design with q=6.5 under the DBE was first performed. However, beams and columns from strength-based design had to be increased to satisfy the serviceability drift requirements under the FOE. The final sections were found iteratively, i.e., by decreasing the value of q, designing the MRF and then checking drifts under the FOE.
Design of high-performance steel MRF with SCVDs
The response of steel MRFs with SCVDs is complex due to the different sources of energy dissipation (VE and hysteretic damping) and cannot be predicted using results and conclusions applicable to SC systems [21] or systems with VE dampers [8] . However, a simplified conservative design approach that neglects the supplemental damping provided by the VE material and makes use of modal response spectrum analysis has been adopted for this preliminary investigation.
The SAP2000 model used for design includes the members of the steel MRF (modeling details described in Section 3.1), the supporting braces (pinned connected) and a horizontal spring representing the storage stiffness of the VE damper k d . The SC device is assumed to be rigid before separation initiates. The q factor is equal to 6.5 to enable a direct comparison with the conventional steel MRF and defines the force level at which separation in the SC initiates. The design is performed iteratively by selecting values of k d at each story so that they produce a uniform distribution of drift demands based on modal response spectrum analysis. Braces are sized to be stiff enough so that the story drift produces SCVD deformation rather than brace deformation. For all stories, a ratio of total brace horizontal stiffness per story to damper stiffness equal to 10 is adopted. Beams and columns are designed according to capacity design rules so that they do not yield under the DBE. They also satisfy the strong column-weak beam capacity design rule of EC8 [3] . Beam-to-column connections are designed to be fully rigid and panel zones are strengthened with doubler plates [3] . The strength-based design of the MRF with SCVDs under the DBE was found to satisfy the serviceability limit on θ max under the FOE.
The VE damper area, A d , at each story is determined by
where t d is the thickness of the VE damper, G ′ (ω 1 , temp) is the storage shear modulus of the VE material, ω 1 is the first-mode cyclic frequency of the MRF with SCVDs and temp is the design ambient temperature (considered equal το 24 o C). The VE material used in this study is the ISD-110 material studied by Fan [25] .
The SCVD device is designed with the configuration shown in Fig. 2 The length of the device is designed equal to 5 m by considering the tendon elongation capacity and the expected drifts under the maximum considered earthquake (MCE). The MCE has return period equal to 2500 years and intensity equal to 150% of the intensity of the DBE. Table 1 shows that significant reductions in steel weight and higher performance in terms of θ max can be achieved by using SCVDs. It is emphasized that θ max for the MRF with SCVDs are expected to be lower than those listed in Table 1 due to the supplemental damping of the VE material which was not considered in the design process (Section 3.3). Table 2 kPa [25] . Table 2 shows that both components (VE material and tendons) of the SCVDs can be designed to have practical sizes. Fig. 4 compares the base shear coefficient (V/W) -roof drift (θ r ) curves of the two frames obtained from nonlinear cyclic static analysis using analytical models described in the next section. V is the base shear force and W is the seismic weight. The analysis was performed at two cycles with roof drift amplitudes equal to 1.5% and 2.5% of the total building height. Fig. 4 shows that the MRF with SCVDs has less strength, smaller yield displacement and less energy dissipation capacity than the conventional MRF. For the MRF with SCVDs, softening begins at θ r equal to 0.5% due to separations in the SC.
Design details
Beams and columns remain elastic for θ r lower or equal to 1.5%; indicating that the MRF with SCVDs sustains no damage and exhibit full re-centering capability (minimal residual drifts) under the DBE (see θ max estimates in Table 1 ). For θ r higher than 1.5%, the MRF with SCVDs sustains inelastic deformations and possible residual drifts which are though significantly smaller than those sustained by the MRF.
Nonlinear dynamic analyses
Analytical model development
2D nonlinear analytical models of the conventional MRF and the MRF with SCVDs were developed for nonlinear dynamic analysis using OpenSEES [26] . A distributed plasticity force-based beam column was used to model beams and columns. An elastic beam column element was used to model the lean-on column that accounts for the P-Δ effects of the vertical loads on the interior gravity columns of the prototype building. An elastic truss element was used to model the braces. The panel zones of the beam-column joints were modelled as proposed by Herrera et al. [27] . The SC devices were modelled using a zero-length element exhibiting flag-shaped hysteresis. This zero-length element has a high initial stiffness representing the rigidity of the SC device before activation of the ED. This element is suitable for the SC device shown in Fig. 2 .a. However, a different self-centering flag-shaped model is needed for the SMA wires of the SC device shown in C [24] with those obtained by using the parameters of Table 3 in Equations (2) 
Earthquake ground motions
An ensemble of 20 earthquake ground motions recorded on ground type B were used in 2D nonlinear dynamic analyses to evaluate the performance of the conventional MRF and the performance of the MRF with SCVDs. None of the ground motions exhibit near-fault forward-directivity effects. The ground motions were scaled to the DBE level using the scaling procedure of Somerville [28] . Table 4 provides the scale factors and information on the 20 ground motions. Fig. 7 compares the DBE elastic response spectrum of EC8 with the mean (μ) and mean plus/minus one standard deviation (μ+σ) spectra of the DBE ground motions. The amplitudes of the DBE ground motions were further scaled by 0.4 and 1.5 to represent FOE and MCE ground motions, respectively.
Seismic response results
The seismic performance of the MRFs is quantified in terms of the θ max ; the peak residual story drift, θ r-max ; the peak total floor acceleration, a max ; and the peak total floor velocity, v max . θ max and θ r-max quantify structural damage and damage of drift-sensitive nonstructural components, while a max and v max quantify damage of rigidly attached equipment and non-rigidly attached block-type objects, respectively [29] . The response of the MRF with SCVDs depends on the value of q which defines the force level at which SCVDs are transformed from VE dampers to SC devices. A decrease in q increases the force at which activation in the SC device initiates, and therefore, increases the velocity-dependent energy dissipation capacity of SCVDs. Such a design results in lower values of θ max than those presented above for the DBE and MCE but also increases the peak force developed in SCVDs and as a result, increases the sizes of beams and columns which are designed according to capacity design rules. Increasing member sizes to achieve higher performance seems acceptable since the MRF with SCVDs (designed with q=6.5) is 30% lighter in steel weight than the conventional MRF.
More work is needed in order to show how the seismic performance and weight of the MRF with SCVDs are affected by the value of q.
Summary and conclusions
The concept of a new high-performance steel moment resisting frame (MRF) equipped with self-centering viscoelastic damping devices (SCVDs) is described. SCVDs result from a novel and strategic in series combination of viscoelastic dampers and selfcentering devices. SCVDs offer: (1) viscoelastic damping at small amplitudes of deformation; (2) friction-based damping at large amplitudes of deformation; (3) limit on the peak device force; and (4) full re-centering capability. In addition, the peak force of the SCVD can be directly used in conventional capacity seismic design rules since it is velocity independent.
A prototype building using the proposed MRF is designed and a detailed nonlinear analytical model for seismic analysis is developed. Seismic analyses results
show the effectiveness of the proposed MRF to enhance structural and non-structural performance by significantly reducing residual drifts and plastic deformations, and by reducing drifts, total floor accelerations and total floor velocities.
In terms of the peak story drifts and residual drifts, the performance of the proposed steel MRF is found close to immediate occupancy under the design earthquake action (return period equal to 475 years) of Eurocode 8. Under the same seismic action, the peak total floor accelerations and velocities are reduced approximately 20% and 30% compared to a conventional steel MRF. Moreover, the proposed MRF results in significant reductions in steel weight (i.e., 30%) compared to a conventional MRF.
The promising results presented herein are the basis for further studies aiming to develop design procedures and criteria for the proposed high-performance steel MRF.
Design equations able to predict peak story drifts by considering the effect of both viscoelastic (velocity-dependent) damping and hysteretic (friction-based or yieldingbased) damping are needed. Performance-based design of the proposed system can be optimized by identifying the optimum value of the behavior factor q which defines the force level at which SCVDs are transformed from viscoelastic dampers to self-centering devices and which produce the desired performance under different earthquake intensities. Emphasis should be also given to the collapse capacity of the proposed system by considering P-Δ effects under seismic intensities even higher than the MCE, and by Table 2 : Properties of SCVDs Table 3 : GM model parameters [29] : G in kPa and τ in s. (NOT t all beta) Table 4 : Properties of the ground motions used for nonlinear dynamic analyses 
